Shengying Li, [a] Yojiro Anzai, [a, b] Kenji Kinoshita, [c] Fumio Kato, [b] and David H. Sherman* [a] Deoxysugars are prevalent structural components of many antibiotics and often contribute substantially to their biological properties. [1] [2] [3] Methylation of hydroxy group(s) on the deoxysugar ring is relatively common (Figure 1 ), as O-methylation not only protects the reactive hydroxy group from undesired modifications, such as oxidation or dehydration, but also alters the solubility and pharmacokinetic properties of the resulting molecule. [4] Biosynthetically, these O-methylation reactions are mainly catalyzed by a variety of S-adenosyl-l-methionine (SAM or AdoMet)-dependent methyltransferases in a site-specific manner. For example, the two SAM-dependent O-methyltransferases TylE and TylF in the tylosin biosynthetic pathway of Streptomyces fradiae sequentially methylate individual hydroxy groups (C2'''-OH and C3'''-OH) in the 6-deoxyallose moiety of demethylmacrocin to generate the macrolide antibiotic tylosin. [5] [6] [7] [8] ElmMI, ElmMII, and ElmMIII are responsible for the consecutive methylation of three hydroxy groups of l-rhamnose in the antitumor polyketide antibiotic elloramycin. [9] Moreover, a growing number of O-methyltransferases involved in various deoxysugar methylation reactions such as EryG, [10] OleY, [11] SpinH, SpinI, and SpinK [12] have been reported in diverse anti-
Mycinamicins represent a family of macrolide antibiotics with more than 20 members produced by the rare actinomycete Micromonospora griseorubida. [13] [14] [15] The antibacterial activities of some mycinamicin products against Staphylococcus aureus are higher than those of the clinical macrolide antibiotics erythromycin and leucomycin. More importantly, mycinamicins have shown strong activity against a number of antibioticresistant human pathogens. [13] Structurally, the major mycinamicin products of wild-type strain M. griseorubida A11725, A C H T U N G T R E N N U N G including mycinamicins I, II, IV, and V, are composed of a 16-membered ring macrolactone core, an N,N-dimethylated deoxysugar desosamine, and a di-O-methylated deoxyhexose mycinose ( Figure 1 ). During the past two decades, the biosynthesis of mycinamicin has been elucidated through strain mutagenesis, bioconversion studies, [16, 17] and sequence analysis of the complete mycinamicin gene cluster, [18] wherein two putative Omethyltransferase genes mycE and mycF were tentatively assigned.
Initial bioinformatics analysis of the corresponding genes revealed that MycE and MycF show high amino acid sequence similarities to TylE (demethylmacrocin O-methyltransferase) and TylF (macrocin O-methyltransferase), respectively, in the A C H T U N G T R E N N U N G tylosin biosynthetic pathway. [18] Accordingly, the function of MycE was proposed to methylate the C2''-OH group of 6-deoxyA C H T U N G T R E N N U N G allose in mycinamicin VI, leading to mycinamicin III, whereas MycF was presumed to transfer a methyl group to the C3''-OH group of javose (that is, C2''-methylated 6-deoxyallose) in mycinamicin III to generate mycinamicin IV (Scheme 1). The proposed functions of MycE and MycF were supported by in vivo precursor feeding studies. [16, 19] Herein, we report the expression of mycE and mycF in Escherichia coli, and purification of MycE and MycF to establish their biochemical function for
Comparative analysis revealed that MycE (399 amino acids) is significantly larger than MycF (222 amino acids). Alignment of these two O-methyltransferases exhibits low sequence identity (11.3 %), suggesting they might have evolved from distinct ancestors. A protein BLAST search revealed a number of Omethyltransferases with either MycE or MycF as the query protein. Interestingly, all candidates with high sequence similarities are O-methyltransferases involved in deoxysugar biosynthesis. In the phylogenetic tree (Figure 2 A) of selected O-methyltransferases with high similarities to MycE and MycF, it is evident that they are located in distinct branches; this indicates their potentially disparate evolutionary origins. In the sequence alignment of MycE with corresponding close relatives (Figure 2 B and C), three conserved motifs (motifs I-III) [9, 20] were identified that are predicted to contribute to SAM binding. In contrast, there are only two conserved SAM binding motifs (motifs I and III) found in MycF.
To confirm the proposed function of MycE and MycF, we cloned mycE and mycF genes into pET28b for overexpression in E. coli BL21 (DE3). The recombinant N-terminal His 6 -tagged proteins were purified to homogeneity by one-step Ni-NTA agarose chromatography ( Figure 3 ). With the purified enzymes in hand, we initially tested the activities of MycE and MycF in sodium phosphate buffer (50 mm, pH 7.4) at 30 8C using SAM as methyl donor and mycinamicin VI and mycinamicin III as substrates (Scheme 1). MycE was unreactive toward both substrates, whereas MycF was able to moderately methylate mycinamicin III (but not VI), forming mycinamicin IV (data not shown). Because the dependence of this class of methyltransferases on a metal cofactor is not uncommon, we next investigated the effect of various divalent metal ions on the activities of MycE and MycF. Both enzymes achieved optimal activity in . The metal dependence of MycF was further assessed by the addition of 2 mm of EDTA; however, this treatment failed to abrogate activity, suggesting that a metal ion might be dispensable in the O-methyltransferase reaction catalyzed by MycF. In contrast, EDTA significantly lowered the activity of MycE even in the presence of 10 mm Mg 2 + . The optimal pH and temperature range for MycE and MycF assays were determined through comparison of enzymatic activities under various reaction conditions. The optimal reaction conditions of the two O-methyltransferases is pH 9.0 (Figure 4 B) , significantly higher than the corresponding homologues TylE (optimal pH 7.5-8.5) and TylF (pH 7.5-8.0). [7] At pH 9.0, the maximal A C H T U N G T R E N N U N G activities of MycE and MycF were observed at 50 and 37 8C (Figure 4 C) , respectively, higher than those of TylE (42 8C) and TylF (31 8C). [7] Under optimal conditions, the in vitro activities of MycE and MycF were analyzed to reveal that MycE methylated the C2''-OH of 6-deoxyallose, converting a majority of mycinamicin VI to mycinamicin III (Figure 5 B) . MycE was incapable of double methylation to generate mycinamicin IV. The second C3''-OH methylation of javose was catalyzed by MycF, with a higher (Figure 5 D) . Notably, mycinamicin IV cannot be further methylated by these two methyltransferases, despite the remaining hydroxy group at the C4'' position in mycinose. Collectively, it is evident that both MycE and MycF possess high substrate specificity.
Finally, we determined the steady-state kinetic parameters (Table 1) for MycE and MycF based on substrate consumption monitored by HPLC. MycE converted mycinamicin VI to mycinamicin III with a K M value of 26.4 AE 7.0 mm and a k cat value of 5.0 AE 0.5 min
À1
. In contrast, MycF methylated mycinamicin III approximately twofold more efficiently (with respect to k cat /K M value) than MycE toward mycinamicin VI. Notably, these kinetic data for MycE and MycF are similar to those of TylE and TylF in the tylosin pathway, as previously reported. [7] The mycinamicin post-PKS (polyketide synthase) tailoring pathway includes two glycosylation steps mediated by two glycosyltransferases (MycB and MycD), four oxidation steps mediated by two cytochrome P450 monooxygenases (MycCI and MycG), and two methylation steps catalyzed by MycE and MycF. [16] These post-PKS modifications not only lead to structural diversification, but also confer biologically active properties on the resulting metabolites. We recently confirmed all oxidative tailoring steps in vitro through functional analysis of two P450 enzymes. [21] This work revealed the importance of both methylation steps in 6-deoxyallose for substrate recognition by the MycG monooxygenase. In this study, we have advanced the knowledge about this pathway by analyzing MycE and MycF O-methyltransferases in vitro. Taking advantage of the reconstituted optimal in vitro assay, the substrate specificity of MycE and MycF and hence the order of sugar modification (mycinamicin VI!III!IV) in this pathway was unambiguously determined. This new information will help facilitate future efforts to manipulate deoxysugar biosynthesis for generation of novel macrolide antibiotics.
Experimental Section
MycE and MycF gene cloning: Using cosmid pMR01 [18] as template, mycE and mycF genes were amplified by PCR under standard conditions with primers as follows: forward, 5'-GGA GTT CCA TAT GAC CGC ACA GAC CGA A-3' for mycE and 5'-GGA GTT CCA TAT GAG CCC GTC GAC CGG A-3' for mycF (bases in italics represent the NdeI cutting site); reverse, 5'-ACA TCA AGC TTT CAT GTC GCG CCT CCG GA-3' for mycE and 5'-ACA TCA AGC TTT CAG GCC GAG CGA CGC CA-3' for mycF (underlined bases indicate the HindIII restriction site). The gel-purified cDNAs were double digested by NdeI and HindIII (New England Biolabs), followed by the ligation of fragments containing mycE and mycF genes into NdeI/HindIII-treat- Protein expression and purification: Recombinant plasmids pET28b-mycE and pET28b-mycF were used to transform E. coli BL21 (DE3) cells with a Z-Competent TM Kit (Zymo Research). The resulting transformants were grown at 37 8C in 1 L of LB broth containing kanamycin (50 mg mL À1 ) for 2-3 h until OD 600 reached 0.6-0.8. Isopropyl-b-d-thiogalactopyranoside (IPTG) was then added to a final concentration of 0.1 mm to induce gene expression, and the cells were cultured at 18 8C overnight. The culture was centrifuged at 5000 g for 10 min to collect cells. The freeze-thaw cell pellet was resuspended in 30 mL of lysis buffer (50 mm NaH 2 PO 4 , 300 mm NaCl, 10 mm imidazole, 10 % glycerol, pH 8.0) and applied to sonication. Cell debris was removed by centrifugation at 35 000 g for 30 min, and the supernatant was mixed with 1 mL of Ni-NTA agarose (Qiagen) for 1 h at 4 8C. The slurry was loaded onto an empty column, and the column was washed stepwise with 10 mL of lysis buffer and 40-60 mL of wash buffer (50 mm NaH 2 PO 4 , 300 mm NaCl, 20 mm imidazole, 10 % glycerol, pH 8.0). The bound His 6 -tagged proteins were eluted with elution buffer (50 mm NaH 2 PO 4 , 300 mm NaCl, 250 mm imidazole, 10 % glycerol, pH 8.0). The MycE (~45 kDa) and MycF (~30 kDa) proteins were further purified and concentrated with 30 kDa and 10 kDa size-exclusion filters (Amicon), respectively. The final desalting step was attained by buffer exchange into storage buffer (50 mm NaH 2 PO 4 , 10 % glycerol, pH7.4) with a PD-10 column (GE Healthcare). 
Steady-state kinetics:
The standard reaction buffered with 50 mm Tris-HCl (pH 9.0) contained 0.3 mm MycE or MycF, 500 mm MgCl 2 , 2-100 mm mycinamicin VI for MycE or 3-100 mm mycinamicin III in a total volume of 396 mL. After pre-incubation at optimal temperature for 5 min, the reactions with various substrate concentrations were initiated by adding 4 mL of SAM (50 mm), and three aliquots (100 mL) were taken at three time points (0, 1, 2 min and 0, 2, 4 min for reactions with substrate concentrations < 40 mm and > 60 mm, respectively) within the linear range to thoroughly mix with 100 mL of methanol for reaction termination. The proteins were removed by centrifugation at 16 000 g for 15 min. The supernatant was subject to HPLC analysis to monitor substrate consumption within the linear range, thereby deducing the initial A C H T U N G T R E N N U N G velocity of the O-methylation reaction. The HPLC conditions were: XBridge TM reversed-phase HPLC column (C 18 , 5 mm, 250 mm; Waters) 20!100 % solvent B over 20 min (solvent A = deionized H 2 O + 0.1 % trifluoroacetic acid; solvent B = CH 3 CN + 0.1 % trifluoroacetic acid), flow rate: 1.0 mL min À1 , UV wavelength: 280 nm. All measurements were performed in duplicate, and velocities determined under different substrate concentrations were fit into the Michaelis-Menten equation to calculate the kinetic parameters.
